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Abstract: The influence of alloying elements on the stacking fault energy (SFE) of Mg−Y−Zn−Zr alloys was calculated by using 
first-principles, and the microstructure of as-cast Mg-1.05Y-0.79Zn-0.07Zr (mole fraction, %) alloy prepared by conventional casting 
was investigated by SEM, TEM and HRTEM. The block-like long period stacking ordered (LPSO) phase, the lamellar LPSO phase 
and stacking faults were observed simultaneously and the lamellar LPSO structure and stacking faults were both formed on 
(0001)α-Mg habit plane and grown or extended along Mg-]0101[ α  direction. The calculation results by the first-principles showed that 
the addition of Y can sharply decrease the stacking fault energy of the Mg−Zn−Y−Zr alloy, while Zn slightly increases the stacking 
fault energy of the alloy. The influence of stacking fault energy on the formation of LPSO was discussed. It shows that LPSO may 
nucleate directly through stacking faults and the lower stacking fault energy was in favor of formation of LPSO. 
Key words: magnesium alloy; Mg−Zn−Y−Zr; long period stacking ordered (LPSO) structures; stacking fault energy (SFE); first- 
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1 Introduction 
 
As the lightest metal structural materials, 
magnesium alloys are being used to speed up the 
application of lightweight parts in automotive, 
motorcycle and aerospace fields due to their high 
specific strength, stiffness and low density [1]. Re 
additions were reported to have great effects on the 
microstructure and mechanical properties of magnesium 
alloys [2−9]. In recent years, the Mg−Zn−Re alloys 
containing long period stacking ordered (LPSO) 
structures have been the focus of attention due to their 
unique microstructures and excellent mechanical 
properties [7−19]. The tensile yield strength of such 
alloys could reach as high as 610 MPa, while keep not 
less than 5% for the elongation at ambient temperature 
when the alloy (Mg97Zn1Y2) was produced by rapid 
solidification processing [20]. The hot compressive peak 
stress at 573 K was about 190 MPa, compared with the 
value of 72 MPa for ZK60 alloy, and no macroscopic 
fracture took place up to a strain of about 60% in 
Mg97Zn1Y2 alloy prepared by high frequency induction 
melting [18]. Warm-extruded Mg96.5Zn1Gd2.5 (mole 
fraction, %) alloys with LPSO structure exhibited high 
tensile yield strength (345 MPa) and large elongation 
(6.9%), due to the refinement of α-Mg grains and the 
high dispersion of a hard LPSO structure phase [21]. 
These excellent properties were considered to be 
contributed not only by grain refinement but also a novel 
precipitate with a LPSO structure [22]. Furthermore, it 
has been reported that the LPSO structure prohibits the 
deformation twin of the 2H-Mg matrix. 
According to the reports, the LPSO phase can be 
divided into two types in terms of the morphology and 
the distribution of LPSO structure in the Mg−Zn−Y alloy. 
The first one was as the block-like primary phase found 
at the grain boundaries in ingots produced by 
conventional casting [23], the other one was as a 
precipitate observed inner the α-Mg solid solution grains 
in the rapid solidified powder after hot extrusion [22]. 
However, the corresponding formation mechanism of 
different types of LPSO structure still remained unclear. 
As for the second type, ABE et al [22] pointed out that 
the corresponding transformation can be accomplished 
via two processes: introducing the stacking faults on 
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every six close-packed planes in the α-Mg structure for 
stacking ordering, and supplying the solute Zn and Y 
atoms to and adjacent to the faulting layers for chemical 
ordering. Unfortunately, ABE et al [22] did not give the 
confirmable demonstration to the stacking faults and the 
deep-seated reason why the stacking faults can be 
formed easily in the alloy. As we know, the lower the 
stacking fault energy (SFE) of the alloy is, the more 
probably the stacking faults are formed. Therefore, it is 
necessary to evaluate the SFE of the Mg−Zn−Y−Zr 
alloy. 
The relationship among stacking faults, stacking 
faults energy and formation of LPSO structure in 
Mg−Zn−Y−Zr alloys was investigated by experiments 
and first-principles calculation within the framework of 
density functional theory. In order to explore the stacking 
faults mechanics for the formation of LPSO structure, 
firstly, we focused on the question whether the alloying 
elements Y and Zn can decrease the SFE of Mg−Zn−Y− 
Zr alloy. Because of lack of the experimental results of 
the SFE, first principles calculation known as a reliable 
tool was chosen to estimate the influence of alloying 
elements Y and Zn on the SFE. Secondly, experimental 
investigations were conducted to reveal the relationship 
between stacking faults and LPSO structure. Finally, we 
went in detail into the formation mechanics of the LPSO 
and tried to explore the influence of SFE on formation of 
LPSO structure. 
 
2 Experimental 
 
The analyzed chemical composition of the alloy 
used in this study was Mg-1.05Y-0.79Zn-0.07Zr (mole 
fraction, %). The alloy ingot with size of 90 mm in 
diameter and 200 mm in length was prepared from high 
purity Mg (99.9%), purity Zn (99.9%), Mg-30Y (mass 
fraction, %) master alloy and Mg-31Zr (mass fraction, %) 
master alloy in a carbon crucible under the protection of 
a mixed atmosphere of SF6 (10%, volume fraction) and 
CO2 (Bal.). When the melt was stirred equably and held 
for 10 min, it was poured into a permanent steel mould 
which was pre-heated to 300 °C and then cooled in air. 
In order to obtain a slower cooling rate, the wall 
thickness of the steel mould was selected to be no more 
than 5 mm. The microstructure of the alloy was 
investigated using X-ray diffraction (XRD) 
(Dmax−1200VBX), scanning electron microscopy (SEM) 
(Philips XL30) and transmission electron microscopy 
(TEM) with a Zeiss LIBRA 200 FE TEM under an 
accelerating voltage of 200 kV. 
TEM specimens were prepared by the twin-jet 
polishing technique using a solution of 5.3 g LiCl, 11.16 
g Mg(ClO4)2, 500 mL methanol and 100 mL 2-butoxy- 
ethanol at about −50 °C and 90 V. Ion milling with the 
ion beam at a lower angle to the surface was applied to 
remove oxide films and contaminations on the two 
surfaces of perforated specimens. 
 
3 Results 
 
3.1 Model and computation methods 
The first-principles total-energy calculations were 
performed using a pseudopotentials method based on 
DFT. All calculations were performed with VASP [24]. 
The Perdew-Wang 91 GGA [25] and the projector 
augmented wave (PAW) method [26] were used. After 
the convergence tests, k-point mesh of 12×12×3 was 
adequate for good convergence and the energy cutoff of 
350 eV yielded well converged results. The total-energy 
calculation was performed until the total energy changed 
within 10−5 eV/atom and the Hellmann-Feynman force 
on all atomic sites was less than10−2 eV/Å. 
For evaluating the influence of addition of alloying 
elements on the SFE, the SFE surface for basal plane of 
pure Mg was firstly calculated, as shown in Fig. 1. A 
single plane of Mg was displaced in the basal plane by a 
linear combination of ]2011[3/a  and ];1001[a  the 
defected geometry was allowed to relax in the [0001] 
directions, and the energy per area for the defect was the 
SFE. Calculations were carried out using a 1×1×6 
supercell corresponding to 12 basil planes 
ABABABABABAB. In order to model the I2-type 
stacking fault, we imposed an extra ]0110[3/a  
component to the supercell vector along the [0001] 
direction above a plane B, so that the stacking sequence 
turned to be ABABABCACACA. The highlighted point 
of ]0110[3/a  was a metastable configuration known as 
the intrinsic I2 stacking fault, as shown in Fig. 1. The 
calculated results of the SFE surface for basal plane of 
pure Mg showed good agreement with other density 
functional theory calculations [27−29]. Even the 
calculated I2 intrinsic SFE 2Iγ  (45 mJ/m2, corresponding 
25 meV energy change per 1×1×6 supercell) agreed well 
with the experimental result (23 meV)) [27]. All these 
reliable calculations of the SFE for pure Mg laid a good  
 
 
Fig. 1 Generalized stacking fault energy surface for basal plane 
of Mg from first-principles calculation 
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foundation for evaluating the influence of alloying 
elements on the SFE. 
In order to evaluate the influence of alloying 
elements on the SFE, the I2-type stacking fault was 
introduced into a 2×2×6 Mg supercell (k-point mesh of 
6×6×3). The solute was substituted into a site in the 
stacking faults, and all the atoms were relaxed without 
any constraints to find a minimum energy until forces 
were less than 10−2 eV/Å. Since the configuration of 
I2-type stacking fault was meta-stable, as shown in Fig. 1, 
it didn’t need any constraints on the relaxation. 
 
3.2 Influence of alloying elements on SFE 
The calculation process for the additions of different 
amount needs to take very long time by the first 
principles. The addition of 2.08% (mole fraction) alloy 
element was found to a good choice for the calculation of 
SFE. Table 1 showed the calculated SFE of Mg with 
addition of 2.08% Y or Zn. The calculated value of SFE 
for pure Mg was 45 mJ/m2, and addition of 2.08% Y 
sharply decreased the SFE of the alloy from 45 mJ/m2 to 
35 mJ/m2 by 22.2%. And the addition of 2.08% Zn just 
slightly increased the SFE from 45 mJ/m2 to 45.3 mJ/m2 
by 0.67%. However, at present there has been no 
experimental report about the quantitative influence of 
alloying elements on the SFE. In order to validate the 
calculated value of the SFE with addition element, the 
chemical misfit (εSFE) was calculated from the supercell 
energies as [29]: 
 
2
2
2
displaced undisplaced I
SFE 2
I
(solute) (solute) 2 3
3 /2
E E a
a
γε γ
− −=  
             (1) 
 
where the “displaced” and “undisplaced” geometries 
corresponded to the supercell with and without an I2 
intrinsic stacking fault, and 2/3 2a  was the basal plane 
area. The term Edisplaced(solute)−Eundisplace(solute) 
represented the interfacial energy introduced by the 
stacking faults. εSFE>0 indicated that the alloying element 
can increase the SFE, and vice versa. It was shown that 
the calculated εSFE with alloying element in this work 
agreed well with those reported by YASI et al [29]. 
Therefore, we can get that the addition of Y can sharply 
decrease 
2Iγ  of the Mg−Zn−Y−Zr alloy while Zn 
slightly increases 
2Iγ  of the Mg−Zn−Y−Zr alloy. 
Therefore, lots of stacking faults were more likely to be 
formed in the used alloy. 
 
3.3 Formation of LPSO accompanied by stacking 
faults 
Figure 2 showed the microstructure of the as-cast 
Mg-1.05Y-0.79Zn-0.07Zr (mole fraction, %) alloy. As 
Table 1 Calculated SFE of Mg alloy with addition of 2.08% Y 
or Zn (mole fraction) 
εSFE Element )mmJ(/ 2I2
−⋅γ %/
2
2
I
I
γ
γΔ
 
This work In Ref. [29]
Mg 45.0 0 — — 
Y 35.0 −22.2 −0.88 −1.70 
Zn 45.3 +0.67 +0.04 +0.32 
 
 
Fig. 2 Microstructures of as-cast alloy: (a), (b) SEM images;   
(c) Selected area electron diffraction (SAED) pattern of area A 
 
shown in the SEM images, the block-like primary phase 
was discontinuously distributed along grain boundaries. 
The selected area electron diffraction (SAED) pattern 
)]0112[( Mg-α=B  of the block-like primary phase 
showed that it had a 18R-type LPSO structure, with the 
distinct characteristic of 5 extra spots spacing equally 
between the central spot and the (0001)α-Mg spot. Almost 
all of this block-like LPSO structure belonged to the first 
type of LPSO structure. A fine bright lamellar structure 
was observed to be formed on specific habit plane of 
α-Mg grains, some of which even penetrated throughout 
the α-Mg grains. EDS results showed that there was 
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segregation of Y and Zn around the area of this kind of 
lamellar structure. 
In order to clearly make this kind of fine lamellar 
structure and the orientation relationship between the 
lamellar structure and α-Mg matrix, the lamellar 
structure was carefully observed by TEM and HRTEM. 
Figure 3 showed the TEM bright field image of the 
lamellar structure. It could be found that the width of the 
lamellar structure was not uniform and it ranged from 
about 2 to 20 nm. 
Figure 4 showed the HRTEM image and FFT 
pattern of the lamellar structure with width over 5 nm. 
The FFT pattern )]0112[( Mg-α=B  showed that it also 
had a 18R-type LPSO structure, with the distinct 
characteristic of 5 extra spots spacing equally between 
the central spot and the (0001)α-Mg spot. The LPSO 
lamella was formed on (0001)α-Mg habit plane of α-Mg 
matrix and grew or extended along [011
-
0] α-Mg direction 
of α-Mg matrix. Clearly, the LPSO lamella precipitated 
 
 
Fig. 3 TEM bright field image of lamellar structure 
 
 
Fig. 4 HRTEM image and FFT pattern of lamellar LPSO 
structure observed inner α-Mg matrix of as-cast alloy (Incident 
electron beam direction was parallel to )]0112[ Mg-α  
in α-Mg matrix belonged to the second type of LPSO 
structure. 
Figure 5 showed the HRTEM image of the lamellar 
structure with width less than 5 nm. Two lamellas (A and 
B indicated by arrows) were observed as sharp linear 
contrasts parallel to (0001)α-Mg, the close-packed planes 
of the hexagonal Mg-matrix. Lamellas A and B can be 
considered to be formed by shearing the remaining 
planes above a close-packed plane by some displacement, 
as seen from the parallel lines in Fig. 4. According to the 
definition of the intrinsic stacking faults [29], lamellas A 
and B were actually the intrinsic stacking faults I1 or I2. 
Combining with the SAED pattern ),]0112[( Mg-α=B  
we can get that the stacking faults also formed on 
(0001)α-Mg habit plane of α-Mg matrix and grew or 
extended along Mg-]0101[ α  direction of α-Mg matrix. 
 
 
Fig. 5 HRTEM structure image and SAED pattern of stacking 
faults in alloy (Blue lines indicated closed-packed plane 
),1101(  incident electron beam direction was parallel to 
)]0112[ matrix  
 
4 Discussion 
 
In addition to the block-like LPSO phase (the first 
type), the LPSO lamella (the second type) accompanied 
by the stacking faults was observed in the as-cast 
Mg−Zn−Y−Zr alloy produced by conventional casting 
for the first time in this work. First principles 
calculations in this work showed that the addition of Y 
sharply decreased 
2Iγ  of the Mg−Zn−Y−Zr alloy while 
Zn just slightly increased 
2Iγ  of the Mg−Zn−Y−Zr alloy. 
Therefore, because the addition of Y can sharply 
decrease 
2Iγ  of Mg−Zn−Y−Zr alloy lots of stacking 
faults can be observed in the alloy. 
The previous studies [7, 9] showed that the block- 
like LPSO distributed along grain boundaries and the 
interdendritic spacing in the as-cast alloys, and the LPSO 
phase precipitated inner the α-Mg solid solution grains 
only in the rapid solidified powder after hot extrusion 
[20]. However, experimental investigations in this work 
showed that the block-like LPSO distributed along grain 
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boundaries and the interdendritic spacing while the 
lamellar LPSO distributed in the α-Mg matrix 
simultaneously. This kind of distribution of LPSO was 
significant to the strength of the Mg−Zn−Y−Zr alloy, 
because the grain boundaries and the α-Mg matrix can be 
strengthened by LPSO distributed along grain boundaries 
and the LPSO lamella precipitated in α-Mg matrix 
simultaneously. It was worth to point out that LPSO as 
an effective strengthen phase was introduced into the 
α-Mg matrix without any severe rapid solidification 
condition and the following heat treatment at high 
temperature. In particular, the observation of the lamellar 
LPSO accompanied by stacking faults was a direct 
demonstration to the important role of stacking faults in 
formation of LPSO structure. It was found that there was 
an intimate connection between the stacking faults and 
the lamellar LPSO. First, the orientation relationship 
between the stacking faults and the α-Mg matrix was the 
same as that between the lamellar LPSO and the α-Mg 
matrix, and the lamellar LPSO structure and the stacking 
faults in Mg−Zn−Y−Zr alloy were both formed on 
(0001)α-Mg habit plane and grew or extended along 
Mg-]0101[ α  direction. Secondly, both of them had the 
same stacking sequence. The stacking sequence of the 
common intrinsic stacking faults of I2 was ABABCACA 
[30], with the ABCA-type stacking sequence. It was 
demonstrated that the 18R-LPSO unit cell had three 
ABCA-type building blocks arranged in the same shear 
direction, while the 14H-LPSO unit cell had two 
ABCA-type building blocks arranged in opposite shear 
directions [19]. Therefore, from the stacking sequence 
point of view, LPSO structure was constructed from 
several I2-type stacking faults. Based on these 
relationships between LPSO structure and stacking faults, 
it could be concluded that the stacking faults played a 
determinative role in formation of LPSO structure. 
There were three kinds of ternary equilibrium 
phases in Mg−Zn−Y alloys in the Mg-rich region, which 
were X-phase (Mg12YZn, LPSO structure), W-phase 
(Mg3Y2Zn3, cubic structure) and I-phase (Mg3YZn6, 
icosahedral quasicrystal structure, quasi-periodically 
ordered) [31]. The previous investigation by our group 
showed that the formation of the secondary phases in 
Mg−Zn−Y−Zr alloys firmly depended on the mole ratio 
of Y to Zn and the equilibrium LPSO phase can be 
formed as the only secondary phase when the mole ratio 
of Y to Zn was more than 1.32 through phase diagram 
calculations [32]. The mole ratio of Y to Zn of the alloy 
(Mg-1.05Y-0.79Zn-0.07Zr (mole fraction, %)) in this 
work was 1.33, so the formation of LPSO first satisfied 
the criterion of the mole ratio of Y to Zn. 
When the alloy is solidified, the segregation of Y 
and Zn may happen around the interdendritic space and 
grain boundary, which caused a decrease of SFE in these 
areas. As a result, stacking faults can be easily formed 
around the interdendritic spacing and grain boundary and 
the lamellar LPSO may nucleate through stacking faults 
and grows at certain temperature due to the slower 
cooling rate during the solidification. 
The theory of nucleation directly through stacking 
faults was suggested by CHRISTIAN [33], OLSON et al 
[34] and HSU [35] for martensitic transformation. Here, 
a stacking fault was treated as a second-phase embryo. 
Based on the classical nucleation theory, the change of 
total free energy ΔG per unit area of stacking fault with a 
thickness of n planes can be expressed by  
Ch EΔ = [Δ Δ ] 2 ( )G n G G nσ+ +                                      (2) 
 
where ΔGCh and ΔGE were the chemical free energy 
change and elastic strain energy per unit area in a plane 
and defined as bulk thermodynamic quantities, and σ(n) 
was the fault /matrix interfacial energy per unit area at n 
planes separation and was the only size-dependent 
quantity. Actually, σ(n) was just the generalized stacking 
fault energy γ calculated by first principles method. 
Therefore, Eq. (2) can be modified to be:  
Ch EΔ = [Δ Δ ] 2 ( )G n G G nγ+ +                                      (3) 
 
The embryo would grow up spontaneously when 
ΔG≤0, so the numerical value of the chemical free 
energy change |ΔGCh| was given by   
Ch E 2 ( )Δ Δ nG G
n
γ≥ +                                                  (4) 
 
Equation (4) describes the relationship between the 
generalized stacking fault energy (γ) and the chemical 
driving force (ΔGCh) during nucleation of LPSO. It was 
shown that the stacking fault energy can directly affect 
the chemical driving force when the embryo of LPSO 
grew up, and the lower the stacking fault energy was, the 
smaller the chemical driving force needed to overcome 
the resistance, and the easier the embryo would grow up 
when n was a given value. So, as for the alloy with lower 
stacking fault energy, the nucleation directly through 
stacking fault would happen more easily. Therefore, the 
lower stacking fault energy with addition of Y was in 
favor of the formation of LPSO, and LPSO may nucleate 
directly through stacking faults from the thermo- 
dynamics point of view. 
 
5 Conclusions 
 
1) Addition of Y can sharply decrease the stacking 
fault energy of Mg−Zn−Y−Zr alloy, while Zn slightly 
increases the stacking fault energy of the alloy. 
2) The block-like LPSO phase, the lamellar LPSO 
and stacking faults were observed simultaneously in the 
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as-cast Mg−Zn−Y−Zr alloy produced by conventional 
casting. 
3) Stacking faults played a determinative role in 
formation of LPSO structure. The lamellar LPSO 
structure and stacking faults were both formed on 
(0001)α-Mg habit plane and grew or extended along 
Mg-]0101[ α  direction in Mg−Zn−Y−Zr alloy. 
4) LPSO may nucleate directly through stacking 
faults and the lower stacking fault energy was in favor of 
formation of LPSO. 
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